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ABSTRACT 
I 
b 
An energy-dependent, p e r t u r b a t i o n  expansion s o l u t i o n  f o r  heavy i o n  t rans -  
p o r t  i n  one-dime i o n  i s  used t o  perform depth-dose c a l c u l a t i o n s  f o r  
670 MeV/nucleon '*Ne beams i n c i d e n t  upon a t h i c k  water t a r g e t .  Comparisons o f  
p r e d i c t i o n s  ob ta ined by us ing  t y p i c a l  energy- i  ndependent approximat ions and 
those ob ta ined w i t h  f u l l y  energy-dependent i n p u t  parameters a re  made. 
found t h a t  t he  c a l c u l a t e d  doses are underest imated when the  energy-independent 
i n p u t  approximat ions are  used. The major  source o f  e r r o r ,  however, i s  t he  
l a c k  o f  charge and mass conservat ion i n  t h e  Si lberberg-Tsao f ragmenta t ion  
parameters. 
It i s  
INTRODUCTION 
As the  era  o f  the  Space Transpor ta t ion  System progresses toward 
development o f  a permanent Space Sta t ion ,  manned l u n a r  bases, and p o s s i b l e  
i n t e r p l a n e t a r y  t r a v e l ,  chron ic  exposures o f  as t ronauts  and spacecra f t  t o  l a r g e  
f luences  o f  g a l a c t i c  heavy i ons  d i c t a t e  the  need t o  i n v e s t i g a t e  methods f o r  
s h i e l d i n g  from these r a d i a t i o n s .  To p r o p e r l y  eva lua te  pass ive s h i e l d  
requirements,  a comprehensive and accurate theory d e s c r i b i n g  the  i n t e r a c t i o n  
and propagat ion o f  these energet ic  p a r t i c l e s ,  and t h e i r  subsequent r e a c t i o n  
products ,  i n  the  spacecra f t  s t ruc tu re ,  components, and i n h a b i t a n t s  i s  
requ i red .  To t h i s  end, a c t i v e  research e f f o r t s  are underway t o  develop these 
necessary i n t e r a c t i o n  and t r a n s p o r t  model s.  
I n  p rev ious  work, an energy-dependent t r a n s p o r t  theory  capable o f  
d e s c r i b i n g  HZE (high-energy,  heavy i o n )  p a r t i c l e  propagat ion has been 
developed. 
20Ne beams i n c i d e n t  upon a water t a r g e t  and compared w i t h  recen t  exper imental  
measurements ( r e f .  1 ) . Excel 1 e n t  agreement between theory  and exper iment was 
o b t a i  ned i f  the  i nput  S i  1 berberg-Tsao f ragmentat ion parameters ( r e f .  2)  were 
renormal ized t o  conserve mass and charge. Without renormal iza t ion ,  p r e d i c t e d  
doses underest imated the  measured values by up t o  20 percent  i n  the  p la teau  
r e g i o n  (absorber depths l e s s  than the Bragg peak l o c a t i o n ) .  
g r e a t e r  than the  Bragg peak loca t ion ,  t he  p r e d i c t e d  doses underest imated the  
measured ones by near l y  a f a c t o r  o f  two, even though the  t r a n s p o r t  
c a l c u l a t i o n s  used f u l l y  energy-dependent i n p u t  parameters. 
d i sp layed  i n  f i g u r e  1. 
Since the  g a l a c t i c  cosmic ray (GCR) environment i s  composed o f  a l l  types 
o f  nuc lear  species cover ing  a very wide energy spectrum, f u l l y  energy- 
dependent t r a n s p o r t  c a l c u l a t i o n s  are i m p r a c t i c a l  because o f  excessive computer 
resource requirements. Therefore,  simp1 i f i c a t i o n s  t o  t y p i c a l  GCR t r a n s p o r t  
c a l c u l a t i o n s  ( r e f s .  3 and 4 )  are  made by s u b s t i t u t i n g  energy-independent 
va lues o r  expressions f o r  t he  i n p u t  parameters. Unfor tunate ly ,  t he  
P r e d i c t i o n s  o f  dose versus depth were made f o r  670 MeV/nucleon 
For depths 
These r e s u l t s  a re  
u n c e r t a i n t i e s  in t roduced i n t o  t h e  p r e d i c t i o n s  by these approximat ions are  
unc lear  because t h e  l a c k  o f  d e t a i l e d  exper imenta l  t r a n s p o r t  da ta  f o r  t h e  GCR 
environment precludes meaningful  comparisons between theory  and experiment. 
Exper imental  measurements o f  GCR f luences i n  t h e  upper atmosphere ( r e f .  5), 
taken i n  t h e  mid-1960's and presented as t o t a l  f l u x e s  f o r  severa l  groupings o f  
up t o  t e n  d i f f e r e n t  nuc lear  elements each, a r e  based upon a l i m i t e d  number o f  
t o t a l  events (-6000) w i t h  r a t h e r  l a r g e  exper imenta l  u n c e r t a i n t i e s  ( e r r o r  
bars) .  Although usefu l  f o r  comparison purposes, t h e  cumulat ive elemental  
groupings o f  var ious n u c l e i  and t h e  associated s i z a b l e  exper imental  e r r o r  bars 
do no t  a1 1 ow meaningful comparisons f o r  r a d i o b i o l o g i c a l  p r o t e c t i o n  purposes. 
A l t e r n a t i v e l y ,  dos imet r ic  measurements f o r  some LEO ( l o w  E a r t h  o r b i t )  m iss ions  
e x i s t ,  bu t  unambiguous comparisons ( r e f .  6)  a r e  d i f f i c u l t  because o f  
measurement u n c e r t a i n t i e s  and t h e  cumula t ive  e f f e c t s  o f  u n c e r t a i n t i e s  i n  t h e  
GCR envi  ronment, space v e h i c l e  mass ( s h i e l d )  d i s t r i b u t i o n  assumptions, and t h e  
i n p u t  t r a n s p o r t  c o e f f i c i e n t  approximat ions used i n  t h e  c a l c u l a t i o n s  
themselves. Typica l  d i f f e r e n c e s  between theory  and experiment a re  on t h e  
order  of a f a c t o r  o f  two ( r e f .  6). 
I n  t h e  work repor ted  here in,  an assessment o f  t h e  p o s s i b l e  inaccurac ies  
in t roduced i n t o  a heavy i o n  t r a n s p o r t  c a l c u l a t i o n  through t h e  use o f  v a r i o  
i n p u t  parameter approximat ions i s  made by comparing p r e d i c t e d  doses f o r  a "Ne 
beam i n c i d e n t  upon a t h i c k  water t a r g e t  w i t h  t h e  f u l l y  energy-dependent 
c a l c u l a t i o n s  repor ted p r e v i o u s l y  ( r e f .  1). I n  t h a t  work, agreement w i t h i n  5 
percent  between t h e o r e t i c a l  p r e d i c t i o n s  and c a r e f u l  l a b o r a t o r y  measurements 
was obtained. 
DEPTH-DOSE EXPRESSIONS 
I n  t h e  s t r a i g h t  ahead approximat ion,  and n e g l e c t i n g  t a r g e t  secondary 
fragment product ion,  t h e  t r a n s p o r t  equat ion i s  w r i t t e n  as 
where o.(x,E) i s  t h e  f l u x  o f  ions  o f  type  j w i t h  atomic mass A a t  x 
moving a long the x-axis a t  energy 
corresponding macroscopic nuc lear  absorp t ion  c ross  sec t ion ,  T j (E)  i s  t h e  
f ragmentat ion parameter o f  i o n  j produced i n  c o l l i s i o n  by i o n  . I n  terms 
o f  t h e  s p e c i f i c  s topping power, t h e  range o f  t h e  i o n  i s  
E i n  u n i t s  o f  MeV/nucleon, o j f E )  i s  t h e  
s p e c i f i c  stopping power (change i n  E per  u n i t  d i s t a n c e ) ,  and Indk(E) i S  t h e  
E 
R.(E) = dE ' /S j (E ' )  
0 J 
2 
Using an i t e r a t i v e  procedure ( r e f .  11, equat ion (1) i s  so l ved  by t h e  method of 
c h a r a c t e r i s t i c s .  The r e s u l t a n t  ser ies  s o l u t i o n  i s  used t o  eva lua te  t h e  dose 
as a f u n c t i o n  o f  depth 
f o r  a 
power 
monoenergetic beam 
i s  
S j  = A j S j  
S . ( E )  oj(x,E) 
J 
on t ype  M i o n s  o f  energy Eo, where t h e  s topping 
The dose from t h e  r a d i a t i o n  f i e l d  o f  t h e  pr imary ( i n c i d e n t )  beam, obta ined by 
s e t t i n g  t h e  r i gh t -hand  s i d e  of equat ion (1) equal t o  zero, i s  g iven by 
O ( O ) ( X )  = SM(E,) PM(Eo)/PM(Ex) (5) 
where t h e  nuc lea r  a t t e n u a t i o n  f a c t o r s  a r e  
P,,,(E) = exp [-OM(E) R M ( E ) ]  
The average e x t i n c t i o n  c o e f f i c i e n t  i s  de f i ned  as 
E 
OM(E)  = [I a,(e) de/S#(e)]/RM(E) 
0 
and t h e  r e s i d u a l  energy, E,, i s  
The f i r s t  p e r t u r b a t i o n  t o  t h e  homogeneous s o l u t i o n  y i e l d s  t h e  dose 
c o n t r i b u t i o n  from t h e  secondary ions produced by the  f ragmentat ion o f  t h e  
3 
pr imary beam. This  c o n t r i b u t i o n  i s  
where the  energy spanned by these secondary i o n s  i s  g iven by the  " lower  1 i m i  t" 
and "upper 1 i m i  t" 
The range scale parameter, v j ,  f o r  the  t y p e - j  i o n  i s  ( r e f .  1) 
2 
v = Z . / A  j J J  (12)  
The second pe r tu rba t i on ,  which y i e l d s  the  dose c o n t r i b u t i o n  f rom the  t e r t i a r y  
ions,  i s  
(13) 
4 
where the energy range spanned by these t e r t i a r y  ions i s  given by the ''upper 
1 imi t" 
and the corresponding "1 ower 1 imi t" 
(14)  
The m and u terms i n  equation (13) are  evaluated a t  Eo. The resu l t s  of 
equations (14) and (15) are understood t o  be zero whenever the right-hand 
s ides  a re  negative. The above expressions can be applied t o  various shield 
materi a1 s of u n i  form composi t i  on. Each speci f i c appl i c a t i  on requi res  
knowledge of the appropriate transport  coef f ic ien ts  Sj(E) u jy  and m j k .  
TRANSPORT COEFFICIENTS 
S t o p p i n g  Power 
The to ta l  stopping power i s  obtained by summing the electronic  and 
nuclear contributions according t o  the detai led methods given i n  reference 1. 
Nuclear Absorption Cross Section 
The macroscopic nuclear absorption cross sect ions,  aj (E) ,  are  
determined from the expression 
where the p .  are  the elemental consti tuent number dens i t ies  f o r  the absorber 
and  the o i .{E)  are  the microsco i c  nuclear absorp t ion  cross sections.  The 
ai were iaken from reference + 
5 
Nuclear Fragmentation Parameters 
The basic fragmentation parameters, o r  mu1 t i p l i c i t i e s ,  f o r  p r o j e c t i l e  
nuclei col l iding w i t h  an absorber a re  determined from the expression 
where u ( Z  ,A ,A , Z . , A . , E )  i s  the pa r t i a l  production cross section f o r  a 
fragment of kypke A .  J a n i  Z .  produced by an ion of type Ak and z k  
co l l id ing  w i t h  a ta$get of Aass A and 0 k ( A T , E )  i s  the macroscopic 
absorption cross section f o r  the - k l h  incident  ion co l l id ing  w i t h  the t a rge t  of 
mass number AT. The par t ia l  production cross  sections a re  those obtained 
from the semi empirical formulas of Si1 berberg and Tsao (ref.  2 )  augmented by 
the l i g h t  fragment production cross  sect ions of Bertini ( r e f .  8 ) .  
been modified, however, i n  two ways: (1) ra ther  than scal ing by to t a l  ion 
k ine t ic  energy, as suggested i n  reference 2 ,  the r e l a t ive  t a rge t  veloc ty 
(energy per nucleon) was assumed to  be the appropriate parameter f o r  
These have 
oci ty  , 
-- . 
evaluating the hydrogen fragmentation cross  sect ions s ince pa r t i c l e  ve 
rather  than total  k ine t ic  energy, i s  approximately conserved i n  these 
in te rac t ions  ( ref .  9 )  and ( 2 )  t o  account f o r  the lack of fragment mass 
charqe conservation i n  reference 2 ,  the fragmentation parameters a r e  
and 
renormal ized t o  ensure mass and charge conservation. 
renormal iza t ion  fac tor  i s  
The mu1 t i p 1  i ca t ive  
1 /2 F = [ZpAp/ZSAS]  (18) 
are to ta l  fragment charge and mass obtained froin the 
a n d  A? 
where Zs 
formulation of re erence 2 ,  and Zp  and Ap a r e  the incident  p ro jec t i l e  ion 
charge and mass. 
“Ne DEPTH-DOSE RELATIONS 
From re rence 1 ,  the doses as a function of depth (Bragg curves) fo r  670 
MeV/nucleon %gNe ions i n  water, u s i n g  both the renormal ized Si  1 berberg-Tsao 
fragmentation parameters ( V R )  and the unrenormal ized parameters ( S T ) ,  a r e  
displayed i n  figure 1 and compared w i t h  experimental data obtained a t  the 
Lawrence Berkeley Laboratory. Both cal cul a t ions  a re  f u l l  energy-dependent. 
experimental data i s  excel lent .  Therefore, f o r  ease of analysis ,  subsequent 
calculat ions for the various i n p u t  parameter approximations a re  compared to  
the VR calculations.  
V R  calculat ion as a function of depth i n  the water ta rge t .  
of mass and charge conservation, even though the calculat ion i s  f u l l y  
Note t h a t  the agreement between the theoret ical  curve --+ abel led V R  and the 
Figure 2 displays the r a t i o  of the ST calculat ion t o  the 
Note t h a t  the lack 
6 
energy-dependent, r e s u l t s  i n  s i g n i f i c a n t  underes t imat ion  o f  t he  dose, 
e s p e c i a l l y  f o r  depths beyond the  Bragg peak l o c a t i o n  ( l a b e l  l e d  BP) . 
The t y p i c a l  GCR t r a n s p o r t  c a l c u l a t i o n  ( r e f s .  3 and 4 )  u t i l i z e s  energy- 
independent abso rp t i on  c ross  sect ions,  u i j ,  ob ta ined  from some form of t h e  
Bradt-Peters express ion  
uij - T r O  2 (Ai 1/3 t Aj1'3 - 6)' (19) 
where ro 4 . 2 6  f m  and 6 ( - 0 . 4 )  i s  an ove r lap  parameter between t h e  
c o l l i d i n g  n u c l e i  l a b e l l e d  i and j. Although reasonably accura te  a t  h igh  
energies ( "asympto t ic "  r e g i o n )  , i t  i s  a poor approximat ion f o r  energ ies  below 
severa l  hundred MeV pe r  nucleon ( r e f .  10). 
t r a n s p o r t  p r e d i c t i o n s  t o  the  energy dependence o f  u -, the  values were 
f i x e d  a t  those f o r  2 GeV/nucleon i n c i d e n t  energies, whigh a r e  r e p r e s e n t a t i v e  
of t h e  asymptot ic values. The inpu t  f ragmenta t ion  parameters used were t h e  
f u l l y  energy-dependent ones. 
d i sp layed  i n  f i g u r e  3. 
l o c a t i o n ,  t h e  doses are  underestimated by 15 pe rcen t  i f  the  Si lberberg-Tsao 
f ragmenta t ion  parameters (curve  1 abel 1 ed VR) a r e  renormal i zed. 
f ragmenta t ion  parameters a r e  n o t  renormalized, t he  dose underest imate 
inc reases  t o  =40 percen t  (curve  l a b e l l e d  ST) .  For  absorber depths beyond the  
Bragg peak, t he  underest imates increase t o  420 percent  f o r  t h e  VR c a l c u l a t i o n  
and =60 percent  f o r  t h e  ST c a l c u l a t i o n .  Although n o t  d i sp layed  i n  t h e  
f i g u r e s ,  comparable r e s u l t s  a re  obtained i f  the  abso rp t i on  c ross  sec t i ons  are  
f i x e d  a t  t he  values f o r  670 MeV/nucleon r a t h e r  than the  "asymptot ic"  values. 
To t e s t  t h e  s e n s i t i v i t y  o f  t he  
Results o f  t h e  t r a n s p o r t  c a l c u l a t i o n s  a r e  
For  absorber depths sha l lower  than t h e  Bragg peak 
I f  t h e  
I n  a d d i t i o n  t o  the  use o f  energy-independent i n p u t  abso rp t i on  c ross  
sec t ions ,  t he  use o f  energy-independent f ragmentat ion parameters i s  an 
a d d i t i o n a l  p o s s i b l e  simp1 i f i c a t i o n  t o  t h e  heavy i o n  t r a n s p o r t  problem. To 
t e s t  t h i s  assumption, t r a n s p o r t  c a l c u l a t i o n s  f o r  t he  neon beam i n  water were 
performed u s i n g  f ragmenta t ion  parameters, 
t o  t h e  i n c i d e n t  energy o f  670 MeV/nucleon a n i  w i t h  t h e  abso rp t i on  c ross  
s e c t i o n s  a l s o  f i x e d  a t  t h e i r  "asymptotic" values. The r e s u l t s ,  d i sp layed  i n  
f i g u r e  4 ,  c o n s i s t  o f  r a t i o s  o f  c a l c u l a t e d  doses w i t h  the  i n p u t  parameters 
f i x e d  t o  the  doses f o r  t h e  f u l l y  energy-dependent c a l c u l a t i o n s .  As before,  VR 
l a b e l s  the  c a l c u l a t i o n  u s i n g  renormal i z e d  f ragmenta t ion  parameters, and ST 
l a b e l s  the  unrenormal ized p red ic t i ons .  S u r p r i s i n g l y ,  a s l i g h t  inc rease i n  the  
dose ratios i s  observed, beyond the Bragg peak, when compared t o  t h e  
p r e d i c t i o n s  ob ta ined f o r  t he  cases where on ly  the  abso rp t i on  c ross  sec t i ons  
were f i x e d  ( f i g .  3 ) .  Fo r  t h e  VR c a l c u l a t i o n s ,  t h e  dose underest imates range 
up t o  20 percent  f o r  depths shal lower than the  Bragg peak l o c a t i o n  and q u i c k l y  
r e t u r n  t o  l e s s  than 10 pe rcen t  f o r  depths deeper than the  Bragg peak. Fo r  t h e  
ST c a l c u l a t i o n s  the  dose underestimates a re  40 percent  and 60 percent,  
r e s p e c t i v e l y ,  f o r  depths Shallower and deeper than the  Bragg peak. To 
i n v e s t i g a t e  t h e  reason f o r  t h i s  improved agreement between t h e  energy- 
dependent and energy-independent c a l c u l a t i o n s  when mjk were f i x e d ,  t he  
m.k, f i x e d  a t  t he  values a p p l i c a b l e  
t r a n s p o r t  c a l c u l a t i o n s  were repeated f o r  t he  case where t h e  were f i x e d  
and t h e  aij were a l lowed t o  take  on t h e i r  f u l l y  energy-dependent values. 
The r e s u l t s  a re  p l o t t e d  i n  f i g u r e  5. For  the  VR c a l c u l a t i o n s ,  t he  s o l e  use o f  
670 MeV/nucleon f ragmentat ion parameters has almost no e f f e c t  on the  p r e d i c t e d  
doses f o r  depths shal lower  than the  Bragg peak. For  depths beyond the  Bragg 
peak the  doses are  overest imated by 10-20 percent .  Therefore,  t he  use o f  
energy-independent f ragmentat ion parameters p a r t i a l l y  compensates, a t  depths 
g rea te r  than the Bragg peak, f o r  dose underest imates r e s u l t i n g  f rom the  use o f  
energy-independent absorp t ion  cross sec t ions .  
s i m i l a r  t rends  are observed a l though the  l a c k  o f  f ragment mass and charge 
conserva t ion  r e s u l t s  i n  c a l c u l a t e d  doses which remain severe ly  underestimated. 
mSk 
For  t h e  ST c a l c u l a t i o n s ,  
SUMMARY 
I n  summary, the  use o f  energy-independent t r a n s p o r t  c o e f f i c i e n t s  f o r  neon 
beams i n  water r e s u l t s  i n  dose underest imates when compared t o  a f u l l y  energy- 
dependent dose ca l cu la t i on .  When coup1 ed w i t h  the  use o f  S i1  berberg-Tsao 
f ragmentat ion parameters, which a re  n o t  renormal ized so as t o  conserve 
fragment mass and charge, the dose i s  underest imated by up t o  40 percent  a t  
depths shal lower  than the  Bragg peak. For  depths g rea te r  than the  Bragg peak, 
' i s  underestimated by up t o  a f a c t o r  o f  3 .  
SYMBOLS 
atomic mass o f  t y p e - j  ion ,  amu 
mass number, d imensionless 
energy absorbed per  u n i t  mass a t  x, MeV/g 
i o n  k i n e t i c  energy, MeV/amu 
r e s i  dual energy , MeV/amu 
i n c i  dent beam energy , MeV/amu 
t y p e - j  i o n  
type-k i o n  
m u l t i p l i c i t y  o f  t y p e - j  i ons  produced by c o l l i s i o n s  o f  type-k i ons  o f  
average e x t i n c t i o n  c o e f f i c i e n t  f o r  type-M ions,  cm'l 
nuclear a t t e n u a t i o n  f a c t o r  f o r  type-M i o n  a t  energy E, 
energy E 
dimensi on1 ess 
R j ( E )  cont inuous slowing-down range o f  t y p e - j  i o n  of energy E, cm 
RT1[R.(E)] i nve rse  func t i on  o f  R j (E)  
S j ( E )  
J J  
t o t a l  s topp ing  power o r  l i n e a r  energy t r a n s f e r  (LET) due t o  
i n t e r a c t i o n  o f  t y p e - j  i o n  w i t h  o r b i t a l  e lec t rons  o f  t r a n s p o r t  
medi um , MeV/cm 
s topp ing  power o r  l i n e a r  energy t r a n s f e r  (LET) pe r  nucleon due t o  
i n t e r a c t i o n  o f  t ype - j  i o n  w i t h  o r b i t a l  e l e c t r o n s  o f  t r a n s p o r t  
medi um, MeV/amu-cm 
Sj(E) 
X one-dimensional p o s i t i o n  vector ,  g/cm 2 
atomic number o f  t y p e - j  i o n  
range sca le  parameter for  t y p e - j  i o n  
number dens i t y  o f  i t h  c o n s t i t u e n t  o f  absorber, 
'j 
"j 
P i  
a . (E)  macroscopic absorp t ion  cross s e c t i o n  f o r  t y p e - j  i o n  o f  energy E, cm'l 
u (E) microscopic  absorp t ion  cross sec t i on  f o r  t ype - j  p a r t i c l e  o f  
energy E c o l l i d i n g  w i t h  t ype - i  p a r t i c l e  i n  absorber, cm 
@.(x,E) d i f f e  e n t i a 1  f l u x  o f  t ype - j  i ons  a t  x w i t h  energy E, 
J 
i j  2 
J (cm 5 -sec-MeY/amu)-' 
Subscr ip ts :  
M type o f  i ons  i n  monoenergetic beam 
P p r o j e c t i l e  
s S i  1 berberg-Tsao formal ism 
Superscr ip ts :  
(01, (11, ( 2 )  terms i n  se r ies  approximat ion t o  equat ion ( 3 )  
. 
4 
Primes i n d i c a t e  a v a r i a b l e  o f  summation o r  i n t e g r a t i o n .  
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Figure 2.- Ratio of the dose for  the ST calculat ion t o  the dose fo r  
the V R  calculation a s  a function of d e p t h  i n  water. 
peak location i s  label led BP fo r  reference. 
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Figure 3.- Ratio of the dose calculated with energy-independent 
absorption cross sections to the dose calculated with the full 
energy dependence. 
renormal ized ( V R )  fragmentation parameters are displayed. 
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Figure 4.- Ratio of dose calculated with energy-independent absorption 
and fragmentation cross sections to the dose calculated with the 
full energy dependence. Calculations using Si1 berberg-Tsao (ST) 
and renormal ized (VR) fragmentation parameters are displayed. 
BP denotes the Bragg peak location. 
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Figure 5.- Ratio of dose calculated using energy-independent 
fragmentation cross sections to the dose calculated using 
the full energy dependence. 
Tsao (ST) and renormal ized (VR) fragmentation parameters 
are displayed. 
Calculations using Si1 berberg- 
BP denotes the Bragg peak location. 
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